Impaired insulin and IGF-1 signaling (iIIS) in C. elegans daf-2 mutants extends life span more than 2-fold. Constitutively, iIIS increases mitochondrial activity and reduces reactive oxygen species (ROS) levels. By contrast, acute impairment of daf-2 in adult C. elegans reduces glucose uptake and transiently increases ROS. Consistent with the concept of mitohormesis, this ROS signal causes an adaptive response by inducing ROS defense enzymes (SOD, catalase), culminating in ultimately reduced ROS levels despite increased mitochondrial activity. Inhibition of this ROS signal by antioxidants reduces iIIS-mediated longevity by up to 60%. Induction of the ROS signal requires AAK-2 (AMPK), while PMK-1 (p38) and SKN-1 (NRF-2) are needed for the retrograde response. IIIS upregulates mitochondrial L-proline catabolism, and impairment of the latter impairs the life span-extending capacity of iIIS while L-proline supplementation extends C. elegans life span. Taken together, iIIS promotes L-proline metabolism to generate a ROS signal for the adaptive induction of endogenous stress defense to extend life span.
INTRODUCTION
In many studies on the prevention of aging, extended life span is associated with increased stress resistance. Several interventions have been described to promote both longevity and stress defense mechanisms, including calorie restriction (Weindruch and Walford, 1988; Xia et al., 1995; Masoro, 1998) , physical exercise (Warburton et al., 2006; Lanza et al., 2008) , and impaired insulin/IGF1 signaling (iIIS).
The eminent role of impaired IIS for the extension of life span has repeatedly been demonstrated across a wide evolutionary spectrum from nematodes (Friedman and Johnson, 1988; Kenyon et al., 1993; Morris et al., 1996; Kimura et al., 1997) , to flies (Clancy et al., 2001; Tatar et al., 2001) , to mice (Brown-Borg et al., 1996; Blü her et al., 2003; Holzenberger et al., 2003) . These mechanisms by which impaired IIS promotes life span are not well understood but presumably involve increasing resistance against various stressors, such as thermal and oxidative stress (Vanfleteren, 1993; Vanfleteren and De Vreese, 1995; Lithgow et al., 1995; Honda and Honda, 1999; Murphy et al., 2003; Brys et al., 2010) . On the other hand, impaired IIS has also been shown to increase metabolic rate and mitochondrial metabolism in both C. elegans (Vanfleteren and De Vreese, 1995; Houthoofd et al., 2005) and mice (Brown-Borg et al., 2012; Katic et al., 2007) .
We have previously shown that reactive oxygen species (ROS) emanating from the mitochondria have an essential role for the life span-extending and health-promoting effects of glucose restriction in C. elegans and physical exercise in mammals (Ristow et al., 2009) . In the present study, we address the hypothesis that impairment of IIS causes depletion of intracellular glucose, which is sensed by AMP-activated protein kinase (AMPK) to induce oxidative non-glucose metabolism and to generate a ROS imbalance which in turn is instrumental for the life span-extending capabilities of impaired IIS in C. elegans.
RESULTS
To study the effects of constitutively impaired IIS in a speciesindependent fashion, we have used three different models: a C. elegans strain carrying a mutant daf-2(e1370) (insulin/ IGF-1 receptor homolog) gene; mouse embryonic fibroblasts (MEFs) lacking a protein primary target of both the insulin and IGF-1 receptors, namely insulin receptor substrate 1 (IRS-1) (Brü ning et al., 1997 ) (see Figure S1A online); and lastly MEFs inducibly lacking the insulin receptor (IR) in a heterozygous fashion (previously unpublished, see the Experimental Procedures for details) ( Figure S1B ). These three models were independently analyzed regarding the following seven parameters.
Constitutively Impaired IIS Promotes Stress Resistance
Daf-2 mutant and appropriate wild-type control strains of C. elegans (N2) were exposed to the established ROS generator paraquat at a concentration of 10 mM for 6 days. The daf-2 mutant worms exhibited increased resistance against paraquat stress, as reflected by increased survival ( Figure 1A ) consistent with previously published data (Honda and Honda, 1999; Brys et al., 2010) . Similarly, MEFs deficient for IRS1 (irs-1 À/À ) and MEFs with heterozygous inactivation of the insulin receptor (insr +/À ) were more resistant to paraquat stress in vitro than control fibroblasts (Figures 1B and 1C,  Figure S1C ).
Constitutively Impaired IIS Increases Mitochondrial Metabolism
It has been previously suggested that impaired IIS in C. elegans, due to impaired expression of DAF-2, induces an increase in metabolic rate in C. elegans (Houthoofd et al., 2005) . Indeed, in relative to effects in the respective wild-type controls (white bars). All values are given as mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus respective controls.
the present study we find that the ATP content in daf-2 mutants is increased by 102% (Figure 1D) . Likewise, despite the impairment in insulin/IGF-1 signaling, both irs-1 À/À and insr
MEFs have increased ATP levels by 69% and 40%, respectively (Figures 1E and 1F) , suggesting an increase in energy efficiency and mitochondrial activity in daf-2, irs-1
, and insr +/À . Similarly, we observed an increase in oxygen consumption by 39% of daf-2(e1370) mutants ( Figure 1G ), as well as in irs-1 À/À and insr +/À by 45% and 28%, respectively (Figures 1H and 1I) . Taken together, these findings indicate that chronic impairment of IIS uniformly causes an induction of mitochondrial activity in daf-2, irs-1
À/À
, and insr +/À .
Constitutively Impaired daf-2 Expression Reduces ROS Levels and Induces Endogenous ROS Defense Enzymes
Mitochondria are the main source of ROS. Since impaired IIS promotes increased mitochondrial activity, as shown above ( Figures  1D-1I ), we anticipated that the daf-2 mutant worms and irs-1 À/À and insr +/À MEFs would exhibit increased mitochondrial ROS levels. To test this hypothesis, we have quantified ROS levels using a redox-sensitive dye that is accumulated within the mitochondrial compartment in the presence of ROS (Esposti et al., 1999) . To our surprise, this revealed an unexpected reduction of ROS levels by 14%-28% in all three models ( Figures 1J-1L ), despite increased mitochondrial activity ( Figures 1D-1I ). Furthermore, when we quantified the accumulation of hydrogen peroxide in the supernatant of worms and MEFs cultures to obtain an independent estimate of ROS levels, we observed a 9%-50% reduction in all three cases ( Figures 1M-1O ). Thus, using two independent approaches, all three model systems of chronically impaired IIS show reduced ROS levels. Moreover, we quantified production of hydrogen peroxide in mitochondria that had been isolated from N2 and daf-2 nematodes, respectively. Consistent with the findings in living worms ( Figure 1M ), we found decreased production of hydrogen peroxide in mitochondria isolated from daf-2 mutants ( Figure S1D ).
To resolve how increased mitochondrial activity might be associated with decreased ROS levels, we quantified activities of antioxidant enzymes in lysates of the C. elegans and MEFs. Consistent with findings of others (Vanfleteren, 1993) , no significant activity of glutathione peroxidase was detected in these nematodes (data not shown). However, activities of both superoxide dismutase (SOD) ( Figure 1P ) and catalase (CAT) ( Figure 1S ) were found to be increased by 50% and 36% in daf-2 mutants, and similar findings were obtained for irs-1 À/À as well as for Figures 1Q, 1R , 1T, and 1U). These findings indicate that in different states of chronically impaired IIS there is a decrease in ROS levels despite increased mitochondrial activity, and that this reduction is likely the result of increased activities of the major ROS defense enzymes, suggesting that the increase in ROS defense enzymes reflects an adaptive response to increased mitochondrial metabolism and possibly transiently increased ROS levels due to increased respiration.
Acutely Impaired daf-2 Expression Causes Reduced Glucose Uptake in C. elegans To test this hypothesis, we have analyzed the metabolic effects of an acute rather than constitutive daf-2 impairment in a timeresolved manner. To this end, we administered RNAi against daf-2, RNAi(daf-2) (Dillin et al., 2002) , to young adult C. elegans and quantified the uptake of radioactively labeled 2-deoxyglucose as a measure in insulin action. Employing this assay, we observe a persistent reduction of 2-deoxyglucose uptake in RNAi(daf-2)-treated nematodes by 25% (Figure 2A ), consistent with long-standing evidence for reduced glucose uptake following impaired IIS in mammals.
Acutely Impaired daf-2 Expression Activates Mitochondrial Metabolism Reduced availability of glucose has been previously shown to activate mitochondrial metabolism in both S. cerevisiae (Lin et al., 2002; Barros et al., 2004) and C. elegans . To test whether impaired DAF-2 expression would also activate mitochondrial metabolism in C. elegans, we performed a time course assessing metabolism after addition of RNAi(daf-2). Twelve hours after addition of RNAi(daf-2), we observed a transient reduction in respiration and ATP levels in the nematode ( Figures 2B and 2C ), suggesting an initial energy deficit caused by impaired glucose uptake. Consistently following this primary reduction of ATP, we observed a secondary increase in oxygen consumption which reached a maximum at 24-48 hr after addition of RNAi(daf-2) ( Figure 2C ), and this was paralleled by an increase in ATP content ( Figure 2B ). Taken together, these (H-J) (H) Hydrogen peroxide production, (I) superoxide dismutase activity, (J) catalase activity, each following exposure to RNAi against daf-2 (black bars) relative to effects on control RNAi-treated nematodes (white bars) at different time points.
(K-O) (K) Oxygen consumption, (L) mitochondrial ROS levels, (M) hydrogen peroxide production, (N) superoxide dismutase activity, (O) catalase activity, each following exposure to RNAi against daf-2 in the presence of the antioxidants NAC (red bars) and BHA (blue bars) relative to effects on control RNAitreated nematodes in the presence of antioxidants (white bars) at different time points. In all panels, relative values are depicted; for absolute values, please see Figure S2 . All values are given as mean ±SD. * and data indicate that the nematode compensates for an energy deficit caused by decreased glucose availability by increased respiration culminating in secondarily increased ATP levels despite permanently decreased glucose uptake. The latter finding strongly suggests that energy sources other than glucose, i.e., fatty acids and/or amino acids, are likely to be metabolized.
Acutely Impaired daf-2 Expression Promotes a Transient Increase in ROS Increased mitochondrial activity is known to promote formation of mitochondrial ROS as an inevitable byproduct of respiration and oxidative phosphorylation. Consistent with this fact, we observed increased ROS levels 24 and 48 hr after addition of RNAi(daf-2) ( Figures 2D-2G ) when mitochondrial activity and respiration were increased. However, after 5 days of RNAi(daf-2) treatment, both mitochondrial activity and respiration remained increased, whereas mitochondrial ROS content was found to be significantly decreased ( Figure 2D ). These ROS levels were confirmed for the two key time points (24 and 120 hr) using the independent AmplexRed-based method (Figure 2H) . These findings indicate that only at time points beyond 48 hr of RNAi(daf-2) addition, increased mitochondrial activity, as reflected by ATP content and respiration rates, is associated with a decrease in ROS levels (as reflected in the steady state, see Figure 1 ), whereas ROS levels are transiently increased at earlier time points.
Acutely Impaired daf-2 Expression Secondarily Induces Endogenous ROS Defense Enzymes To better understand the changing ROS levels, we quantified activities of antioxidant enzymes in lysates of whole nematodes. Both SOD and CAT were found to be induced following RNAi(daf-2) treatment for 48 and 120 hr, but interestingly not at earlier time points (Figures 2I and 2J) . The relatively late induction of SOD and CAT was preceded by increases in respiration, ATP, and ROS ( Figures 2B-2H ). These findings suggest that adaptive inductions of both SOD and CAT activities efficiently counteract the primarily increased ROS levels culminating in decreased ROS exposure at 120 hr. We have previously observed this type of adaptive response in states of caloric restriction and physical exercise Ristow et al., 2009) , while the time-resolved analysis of ROS signals preceding increased adaptive responses has not been described before.
The daf-2-Dependent Transient ROS Signal Is Required for Induction of Endogenous ROS Defense Enzymes C. elegans carrying constitutively inactive alleles of daf-2 have repeatedly been shown to be resistant to a variety of stresses (Vanfleteren, 1993; Vanfleteren and De Vreese, 1995; Lithgow et al., 1995; Honda and Honda, 1999; Murphy et al., 2003; Brys et al., 2010) . Our findings of a late, i.e., secondary, induction of SOD and CAT activities following exposure of worms to RNAi (-daf-2) suggest that transiently increased ROS levels may be required to cause this increase in ROS defense. To test this hypothesis, we have exposed RNAi(daf-2)-treated nematodes to two mechanistically independent antioxidants, n-acetylcysteine (NAC, 1 mM final concentration) and butylated hydroxyanisole (BHA, 25 mM final concentration). In the presence of either NAC or BHA, we still observe an induction of respiration following RNAi(daf-2) treatment ( Figure 2K ). However, both the induction of ROS levels ( Figures 2L and 2M ) and the secondary increase in activities of SOD and CAT ( Figures 2N and 2O ) were absent, indicating that increased ROS levels are required to induce endogenous ROS defense enzymes and antioxidant defense capacity. These findings indicate that RNAi(daf-2) is incapable of inducing SOD and CAT whenever the RNAi(daf-2)-mediated, transient increase in mitochondrial ROS is blocked by exogenous antioxidant supplements, even in the presence of increased respiration.
Exogenous Antioxidants Inhibit the Life Span-Extending Capabilities of DAF-2 and AGE-1 Deficiency Based on these latter findings, we asked whether induction of SOD and CAT by increased ROS levels contributes to the life span-extending capabilities of impaired IIS by determining life span of NAC-or BHA-treated nematodes in the presence and absence of RNAi(daf-2). While no effect of antioxidants on life expectancy was observed in the absence of RNAi(daf-2) ( Figures  3A and 3B ), precluding the possibility of antioxidant toxicity on Cell Metabolism L-Proline Catabolism Extends C. elegans Life Span wild-type N2 nematodes, both NAC ( Figure 3A ) and BHA ( Figure 3B ) reduced life span extension caused by RNAi(daf-2) treatment. As shown in more detail in Figure 3C ) and BHA ( Figure 3D ) produced similar reduction in the long-lived worms with constitutively inactivating daf-2(e1370) mutation (see Table 1 for quantitative effects of antioxidants on daf-2(e1370) mutations). We lastly tested constitutive age-1(hx546) mutants which affect the phosphoinositide-3-OH kinase ortholog age-1 downstream of daf-2, and very similarly found both NAC ( Figure 3E ) and BHA ( Figure 3F ) to reduce the life span-extending propensities of a constitutively inactivating age-1 mutation. These findings indicate that antioxidants reduce the life spanextending capacity produced by impaired insulin/IGF signaling in the daf-2 and age-1 mutants, and that a transient induction of ROS levels following impairment of daf-2 and age-1 signaling is required to induce an adaptive response cumulating in increased stress resistance and maximum longevity. It should be noted, however, that both RNAi(daf-2) exposure and the daf-2(e1370) as well as the age-1(hx546) mutations still cause a significant extension of life span in the presence of antioxidants in comparison to antioxidant-treated wild-type N2 nematodes. Altogether, this shows that exogenous antioxidants significantly lower the life span-extending capabilities of impaired IIS by up to 59.9%, whereas some other daf-2 and age-1 effects are independent of increased ROS levels.
The AMP-Activated Protein Kinase AAK-2 Is Essential for Induction of the Transient ROS Signal AAK-2, the AMPK homolog, is the energy sensor in C. elegans (Apfeld et al., 2004; Greer et al., 2007; . As shown in Figure 2B , there is an initial reduction of nematodal ATP levels after addition of RNAi(daf-2), suggesting a reciprocal increase in nematodal AMP content. Direct assessment of AMP in C. elegans lysates by HPLC demonstrated an increased AMP to ATP ratio in wild-type N2 nematodes following RNAi(daf-2) exposure for 12 hr (AMP/ATP = +14.1% ± 6,5% SD, p = 0.038). This strongly suggests that AMP-activated AAK-2 is induced by RNAi(daf-2), culminating in increased mitochondrial respiration, as previously shown for states of dietary restriction , and possibly here for increased ROS production.
Accordingly, we tested whether RNAi(daf-2) could still induce respiration and/or ROS levels in aak-2(ok524) mutants. However, this was not the case ( Figures 4A and 4B ), indicating that aak-2 is required to generate a ROS signal in states of impaired IIS in nematodes. Nevertheless, RNAi(daf-2) was capable of extending life span to some extent in aak-2(ok524) nematodes ( Figures  4C and 4D ). However, it should be noted that the relative capacity of RNAi(daf-2) to extend life span in aak-2(ok524) is severely reduced compared to relative effects of RNAi(daf-2) on wild-type N2 (see Table 1 for quantification), indicating that a significant proportion of the effects of RNAi(daf-2) on life span is mediated by AAK-2 and the generation of the ROS signal as shown above ( Figure 4B versus Figure 2D ). AAK-2 has been previously shown to be required for increased respiration in states of impaired glycolysis . We show here that AAK-2 is also required for generating the transient ROS signal ( Figure 4B ). Therefore, we hypothesized that antioxidants would exert no effects on RNAi(daf-2)-mediated life span extension in aak-2(ok524) mutants, if AAK-2 is initiating the only ROS signal in the RNAi(daf-2)-treated worm. Indeed, both NAC ( Figure 4C ) and BHA ( Figure 4D ) had no effect on the RNAi(daf-2)-mediated limited extension of life span, again indicating that AAK-2 is required to generate a transient increase in ROS following RNAi(daf-2) treatment (see Table 1 for quantification). Taken together, these findings indicate that AAK-2 (AMPK) is an indispensable mechanistic link between impaired IIS and transiently increased ROS levels in nematodes.
The p38 MAP Kinase PMK-1 and the Transcription Factor SKN-1 (NRF-2) Are Required for Sensing of the Transient ROS Signal Next, we questioned which pathways may be involved in ROS sensing, i.e., are required to fully exert the life span-extending effects of RNAi(daf-2) due to increased ROS levels. Consistent with previously published findings (Inoue et al., 2005; Schmeisser et al., 2011) , we found that pmk-1, an ortholog of the stress-inducible mammalian p38 MAP kinase gene, was involved in sensing of the ROS signal generated by RNAi(daf-2). Thus, while RNAi(daf-2) caused a limited extension of life span in pmk-1(km25) nematodes in the absence of antioxidants (Table 1) , both NAC ( Figure 4E ) and BHA ( Figure 4F ) were capable of further promoting the life span-extending capacity of RNAi(daf-2) ( Table 1) . Similar results were obtained for skn-1(zu67) mutants lacking a functional ortholog of the mammalian transcription factor NRF-2, which was previously shown to act downstream of PMK-1 in response to oxidative stress (Inoue et al., 2005; Tullet et al., 2008) : while RNAi(daf-2) caused an equally limited extension of life span in skn-1-mutated C. elegans in the absence of antioxidants (Table 1) , both NAC ( Figure 4G ) and BHA ( Figure 4H ) were able to further induce the life span-extending capacity of RNAi(daf-2) ( Table 1) . Consistently, the daf-2-mediated induction of both SOD and CAT activities ( Figures 2I and 2J ) was found to be reduced in nematodes constitutively deficient for PMK-1 or SKN-1 (Figures 4I and 4J), respectively.
Moreover, we have quantified differentially expressed genes in N2 wild-type nematodes in comparison to daf-2(e1370) mutants by applying RNA sequencing technology. Out of the genes involved in antioxidant defense, we found a number of mRNAs upregulated in daf-2 mutants, including sod-3 (22.6-fold, p = 5.9 3 10 À88 ), sod-5 (62.2-fold, p = 5.7 3 10 À75 ), ctl-2 (2.12-fold, p = 1.5 3 10 À13 ), and ctl-3 (1.74-fold, p = 0.00012). To test whether induction of antioxidant enzymes, and in particular sod-3 or ctl-2, is necessary for the life span extension, we treated N2 nematodes with RNAi against the SOD isoform sod-3 (Figure 4K) and the CAT isoform ctl-2 ( Figure 4L ) and cotreated them with daf-2 RNAi. We observed a reduction of life span-extending capabilities of daf-2 RNAi in both sod-3 and ctl-2 RNAitreated worms (Figures 4K and 4L) indicating that induction of antioxidant defense enzymes is, at least in part, required for the life span extension due to reduced daf-2 signaling. Cell Metabolism
L-Proline Catabolism Extends C. elegans Life Span
Lastly, we questioned whether daf-16, an ortholog of a mammalian forkhead transcription factor (FoxO), may be involved in the life span-promoting role of transiently increased ROS formation. Consistent with previously published findings, RNAi(daf-2) had no life span-extending effect in daf-16(mu86) nematodes ( Figures 4M and 4N) . Accordingly, neither NAC (Figure 4M) nor BHA ( Figure 4N ) had any detectable influence on this phenotype.
Taken together, these findings indicate that PMK-1 and SKN-1 act as transducers of the initial ROS signal following RNAi(daf-2) treatment to extend life span, and that this effect is mediated by transiently increased ROS levels due to the daf-2 inactivation.
Trans-Species Transcriptome Analysis of Models of Impaired IIS
The findings depicted in Figure 1 suggest that impaired IIS causes a reduction of intracellular glucose availability which then induces mitochondrial metabolism of alternate energy substrates, i.e., fatty acids and/or amino acids, culminating in transiently increased ROS levels, as analyzed in the findings depicted in Figure 2 , Figure 3 , and Figure 4 . To identify a potential common metabolic denominator for the ROS-dependent fraction of IIS-related life span extension, we subjected RNA samples from daf-2 nematodes and MEFs (irs-1 À/À and insr +/À ) to transcriptome profiling using deep sequencing (Figures 5A-5C ). When analyzing those genes that were consistently either up-or downregulated in all three models, we identified three functional groups of genes ( Figure 5D and Table S1 ). Notably, one of the upregulated groups was the MAP kinase signaling pathway ( Figure 5D ), strikingly consistent with the fact that disruption of the MAP kinase pmk-1 severely impaired the effects of impaired IIS, as well as transiently increased ROS levels, as shown in Figures 4E and 4F .
Mitochondrial L-Proline Catabolism Extends Life Span in States of iIIS and Decreased Glucose Availability
By employing RNaseq, we also found that metabolism of shortchain organic acids is upregulated in states of impaired IIS. Notably, ech-6 (encoding enoyl Coenzyme A hydratase 6)/ echs1 (encoding enoyl Coenzyme A hydratase, short chain, 1, mitochondrial), reflecting a checkpoint for catabolism of both fatty acids and amino acids, was found to be upregulated in all three models ( Figure 5D and Table 2 ). To even better define the genes responsible for the effects of impaired IIS in a transspecies fashion, we performed a Venn analysis for all three models ( Figure 5E and Table 2 ). Among the genes involved in the effects of impaired IIS in both mouse and worm (Table 2  and Table S1 ) was the orthologous pair of genes coding for a L-proline dehydrogenase (M. musculus, prodh; C. elegans, B0513.5 ). This enzyme is essential for catabolism of one single amino acid, L-proline, to make it available for mitochondrial oxidation and oxidative phosphorylation-based, non-glucosebased energy generation. To test the possibility that breakdown of L-proline may contribute to the effects of impaired IIS in a systemic manner, we treated both wild-type and daf-2 nematodes with RNAi against B0513.5, the C. elegans ortholog of prodh. While knockdown of this gene has no effect on life span of N2 wild-type worms ( Figure 5F ), the life span-extending capability of RNAi(daf-2) was reduced by 14.6% and 20.3% (mean and maximum life span) following addition of RNAi(B0513.5) ( Figure 5F ).
Additionally, we have treated wild-type N2 nematodes with the amino acid L-proline in the growth media to test whether increased L-proline availability was capable of extending life span. As shown in Figure 5G , this was indeed the case, with an increase in life span by 5.8% and 13.6% (mean and maximum life span). Thus, while B0513.5 expression is dispensable for life span in wild-type worms ( Figure 5F ), supplementation with L-proline can extend life span to a limited but significant extent ( Figure 5G ).
To additionally test whether AAK-2 ( Figures 4A-4D ) is responsible for the induction of L-proline metabolism in states of iIIS, we quantified expression of B0513.5/prodh mRNA expression in N2 as well as aak-2 mutants in the absence Cell Metabolism L-Proline Catabolism Extends C. elegans Life Span and presence of daf-2 RNAi. Induction of B0513.5 expression was abolished in aak-2 mutants ( Figure 5H ), indicating that AAK-2 activation is located upstream of PRODH. Moreover, induction of respiration by daf-2 RNAi ( Figure 2C ) was abolished by cotreatment with RNAi against B0513.5 ( Figure 5I ). Likewise, RNAi against B0513.5 abolished the ROS signal (Figure 5J ) that was initially shown to be induced by daf-2 RNAi ( Figure 2D) .
Together, these findings indicate that impaired IIS reduces glucose metabolism and induces L-proline catabolism in a compensatory manner to culminate in a transient ROS signal and extended life span, as summarized in Figure 5K .
DISCUSSION
We hypothesized here that reduced glucose metabolism due to impaired IIS causes a transient energy deficit and a compensatory induction of mitochondrial non-glucose metabolism to promote stress resistance and to increase longevity, both following the generation of one or several mitochondrial signaling molecules.
The findings in this study indicate that a major component, i.e., up to 59.9% of the life span extension created by reduced IIS, requires a transient increase in ROS levels. ROS then act as signaling molecules to promote life span extension. We furthermore show that this ROS signal is generated by AAK-2, an ortholog of mammalian AMPK, and is sensed by the C. elegans ortholog of p38 MAP kinase, PMK-1, and the ortholog of the transcription factor NRF-2, SKN-1. These sensors ultimately cause an increase in endogenous ROS defense, indicating that the ROS signal is capable of self terminating by inducing an adaptive response with increased activities of SOD and CAT, culminating in life span-extending stress resistance ( Figure 5K ). It is, however, likely that additional genes are activated following translocation of SKN-1, which have not been studied in the present study.
It has been proposed that ROS may act as messenger molecules in a variety of biological systems (Rhee et al., 2003; Veal et al., 2007; Finkel, 2011; Woo and Shadel, 2011) . Consistently, evidence has recently emerged that ROS may also act as a life span-extending Brys et al., 2010; health-promoting (Owusu-Ansah et al., 2008; Loh et al., 2009; Ristow et al., 2009) signaling molecule. This is in agreement with previous observations that calorie restriction acts by inducing low-level stress, which culminates in increased stress resistance and ultimately longevity (Xia et al., 1995; Masoro, 1998; Barros et al., 2004) . In analogy to the findings presented here, this reflects a dose-dependent adaptive response commonly defined as hormesis (Southam and Ehrlich, 1943; Calabrese et al., 2007) , which was later extended to the concept of mitohormesis (Tapia, 2006; Ristow and Zarse, 2010) when describing low-dose stressors emanating from the mitochondrial compartment.
The current study additionally shows for the first time that acute daf-2 impairment reduces glucose availability in C. elegans, implying the fact that both glucose restriction and impaired IIS (current study) similarly cause an initial energy deficit. While some authors propose that impaired insulin/IGF-1 signaling extends life span independently of pathways activated by calorie restriction (Lakowski and Hekimi, 1998; Bartke et al., 2001; Houthoofd et al., 2003; Min et al., 2008) , others have suggested that impaired IIS may share mechanistic features of caloric restriction and hence decreased energy availability, at least to some extent (Clancy et al., 2002; Al-Regaiey et al., 2005; Bonawitz et al., 2007; Greer et al., 2007; Narasimhan et al., 2009; Yen et al., 2009 ). Our current findings strongly support and extend this latter notion, and possibly provide a common metabolic denominator for impaired IIS, calorie restriction, and physical exercise.
In this regard, it is interesting to note that nematodes switch to mitochondrial non-glucose metabolism, as predicted in states of impaired glycolysis as well as impaired IIS (this study), by activation of AAK-2 (AMPK). Unlike for glucose, ATP generation from fatty acids and/or amino acids can only take place in the mitochondrial compartment, and requires oxidative phosphorylation. Hence, and unlike glycolysis, mitochondrial catabolism of organic acids and specifically amino acids will inevitably generate ROS which may act as signaling molecules.
One of the interesting aspects of our findings came from the combined gene expression analysis using data from three different models systems with impaired IIS, including one model in C. elegans and two in different murine lines. This revealed that metabolism of short-chain organic acids is upregulated in states of impaired IIS. Notably, ech-6 (enoyl Coenzyme A hydratase 6)/ echs1 (enoyl Coenzyme A hydratase, short chain, 1, mitochondrial) reflecting a metabolic checkpoint for catabolism of both fatty acids and amino acids was found to be upregulated in all three models (Table 2 and Table S1 ). Moreover, and unexpectedly, a major portion of the IIS-mediated effects on life span appears to depend on a dehydrogenase, B0513.5, which is specifically responsible for catabolism of a single amino acid, L-proline. This is supported by the RNAi-mediated knockdown of this protein in C. elegans which impairs the life span-extending capabilities of impaired IIS, but does not affect life span in wildtype worms, indicating that L-proline catabolism specifically contributes to induction of mitochondrial metabolism following impairment of IIS, as shown in the current study ( Figure 5K) . Moreover, and-in a very general sense-somewhat consistent with our findings, increased L-proline oxidation has been linked to stress resistance in yeast (Chen et al., 2006) , as well as to increased ROS formation (Donald et al., 2001 ) and nutrient deprivation (Pandhare et al., 2009) , both in colon cancer cell lines.
Our findings on increased mitochondrial L-proline metabolism are consistent with the fact that constitutive inactivation of IIS causes increased stress resistance in C. elegans (Vanfleteren, 1993; Lithgow et al., 1995; Vanfleteren and De Vreese, 1995; Honda and Honda, 1999; Murphy et al., 2003; Brys et al., 2010) , possibly by increasing metabolic activity (Vanfleteren and De Vreese, 1995; Houthoofd et al., 2005) . This is also consistent with the finding that exogenous antioxidants, such as NAC and BHA, significantly impair the life span-extending capabilities of the constitutive daf-2 or age-1 mutants. This indicates that the transient increase in mitochondrial ROS observed in the current study is essential for inducing endogenous ROS defense in longlived mutants. Similarly, in D. melanogaster, calorie restriction did not affect ROS production, and genetically decreased ROS production in the steady state did not extend life span in flies (Miwa et al., 2004) . Consistently, altering ROS production in (D) Functional groups of downregulated and upregulated genes (cutoff for at least two out of three sets, p = 0.05). For details, please also see Table S1 .
(E) Venn analyses of differentially expressed genes derived from daf-2 nematodes, irs-1 À/À MEFs and insr +/À MEFs (cutoff for all three sets, p = 0.05). For details, please see also Taken together with our previous data, impaired IIS, calorie restriction, and physical exercise share, at least in part, a common metabolic denominator, i.e., activation of mitochondrial L-proline metabolism and transiently increased ROS levels, inducing an adaptive response that culminates in increased stress resistance and extends life span.
EXPERIMENTAL PROCEDURES
C. elegans Strains, Maintenance, and Life Span Assays C. elegans strains used in this work were provided by the Caenorhabditis Genetics Center (University of Minnesota), which is supported by the NIH NCRR. Maintenance and synchronization (Lithgow et al., 1995) , as well as RNAi treatments and life span assays (Dillin et al., 2002; , have been previously described and were performed in the absence of 5 0 -fluorouridine. The B0513.5 RNAi clone was from the Ahringer library (Source BioScience, Nottingham, UK), sod-3 and ctl-2 RNAis were from the ORFRNAi library (OpenBiosystems Inc., Lafayette, CO, USA), and the daf-2 RNAi clone was a kind gift from Cynthia Kenyon (Dillin et al., 2002) . NAC and BHA (both Sigma-Aldrich, St. Louis, MO, USA) were dissolved in water (NAC, 500-fold stock solution, 500 mM) and DMSO (BHA, 1,000-fold stock solution, 25 mM), respectively. Nematodes (wild-type Bristol N2 and respective mutants) were propagated on agar plates containing antioxidants or respective solvent for four generations before initiation of experiments. For L-proline (Sigma-Aldrich, St. Louis, MO, USA) supplementation experiments, the amino acid was added to autoclaved agar at 50 C as an aqueous 5 mM stock solution to obtain a final concentration of 5 mM.
Culture Conditions of Irs-1 -/-MEFs
Irs-1 À/À MEFs and control fibroblasts have been derived from two different, genetically distinct fetuses derived from the same mother as previously described (Brü ning et al., 1997) and were maintained in Dulbeccos's modified Eagle's medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) containing 10 mM D-glucose and 10% (v/v) fetal bovine serum (Biochrom AG, Berlin, Germany).
Generation and Culture Conditions of Insr +/-MEFs
Mice homozygous for the IRloxP mutation (Brü ning et al., 1998) were bred with mice heterozygous for the tamoxifen-inducible Cre recombinase (CreERT2, Taconic Farms Inc., Hudson, NY, USA) [Seibler et al., 2003 ]), and MEFs were obtained from a single fetus that was heterozygous for both IRloxP and CreERT2. Cells then were continuously passaged and underwent crisis, all following previously described protocols (Brü ning et al., 1997). Cells were then aliquoted and frozen, further serving as control fibroblasts. One aliquot of these fibroblasts was exposed to tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1 mM for 7 days to obtain a heterozygous disruption of the IR. All cells were maintained and analyzed in DMEM containing 10 mM D-glucose and 10% (v/v) fetal bovine serum (Biochrom AG, Berlin, Germany). MEFs were cultured at 37 C in a humidified atmosphere of 5% CO 2 .
Paraquat Stress Resistance Assay in C. elegans Resistance to lethal oxidative stress derived from paraquat was determined with minor modifications as previously described . Sixday (after L4)-old N2 and daf-2(e1370) nematodes were transferred manually to fresh NGM plates containing 10 mM paraquat (Acros Organics, Geel, Belgium) spotted with a lawn of heat-inactivated OP50 (30 min at 65 C in a water bath) followed by daily determination of the survival rate until all nematodes were dead. As described for life span analysis, worms were counted as censored in case of internal hatching, crawling off, and bursting.
Paraquat Stress Resistance Assay in Fibroblasts
One hundred thousand cells were seeded into each well of 12-well plates (TPP AG, Trasadingen, Switzerland). After 24 hr, medium was changed to DMEM containing 10 mM D-glucose and 10% (v/v) fetal bovine serum (Biochrom AG, Berlin, Germany) supplemented with 1 mM paraquat (Acros Organics, Geel, Belgium). After 48 hr, cell death was determined by propidium iodide (PI) (10 mg/ml) and Hoechst 33258 (10 mg/ml) (both Sigma-Aldrich, St. Louis, MO, USA) double fluorescent staining. Cells were examined under a fluorescence microscope (Axiovert 100, Zeiss, Oberkochen, Germany) and photographed with a digital camera (Fuji FinePix S602, Tokyo, Japan).
2-Deoxyglucose Uptake Assays
Nematodes were incubated in S-medium containing 500 mM unlabeled 2-deoxyglucose (Sigma-Aldrich, St. Louis, MO, USA) and 2.5 mCi per ml uniformly 14 C-labeled 2-deoxyglucose (GE Healthcare, Little Chalfont, UK), washed five times, then sonicated and centrifuged. Radioactivity in supernatant was quantified using a Beckman LS6000 liquid scintillation counter (Beckman Coulter, Brea, CA, USA). An aliquot was used for protein determination for normalization.
Determinations of ATP and AMP
Determinations of ATP and AMP were for C. elegans-derived samples performed by HPLC as previously described with minor modifications. For quantification of ATP content in fibroblasts, the CellTiter Glo kit (Promega, Fitchburg, WI, USA) was used according to the manufacturer's instructions, and ATP values were normalized to protein content.
Respiration Assays
Respiration assays were performed using a Clark-type electrode for C. elegans and mammalian cells (Ristow et al., 2000) .
Mitochondrial ROS Levels
Prior to ROS measurement, MitoTracker Red CM-H 2 X ROS (Invitrogen, Carlsbad, CA, USA) incubation plates were prepared as follows. For each treatment, 500 ml heat-inactivated OP50 (65 C, 30 min) was mixed with 100 ml MitoTracker Red CM-H 2 X stock solution (100 mM) and spotted on a large NGM agar plate which was allowed to dry for $1 hr. Nematodes were incubated with appropriate RNAis for time periods as indicated, then washed off the plates with S-Basal and allowed to settle by gravitation to remove offspring. Worms were washed two additional times with S-Basal and centrifuged (H) Expression of B0513.5/prodh mRNA in the absence (white bars) and presence (black bars bars) of daf-2 RNAi for 48 hr in wild-type (N2) and aak-2 mutant nematodes.
(I) Oxygen consumption in N2 nematodes treated with control RNAi (white bars) or daf-2 RNAi (black bars), and the additional presence of RNAi against B0513.5/ prodh (gray/striped bars), all after 48 hr of treatment.
(J) ROS levels in nematodes treated with RNAis as in (I) for 48 hr; mev-1(kn1) mutants, and paraquat treatment for 1 hr serve as positive controls. In (I) and (J), relative values are depicted; for absolute values, see Figure S4 . In (H)-(J), values are given as mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus respective controls.
(K) Impaired insulin-/IGF1-signaling promotes L-proline catabolism to employ ROS as a mitochondrial second messenger culminating in extended life span: impaired IIS causes reduction of glucose uptake in C. elegans, which leads to an intermittent energy deficit that activates mitochondrial respiration by increasing L-proline catabolism in an aak-2-dependent manner. This induction of mitochondrial respiration generates a transient ROS signal, which is sensed by PMK-1 and SKN-1 to secondarily cause an adaptive response to increase the respective activities of superoxide dismutase and catalase which ultimately terminate the initial ROS signal, in parallel leading to increased stress resistance and extended C. elegans life span. Cell Metabolism L-Proline Catabolism Extends C. elegans Life Span (300 g, 30 s). The worm pellet was transferred to freshly prepared MitoTracker Red CM-H2X and incubated for 2 hr at 20 C. To remove excessive dye from the gut, worms were transferred to NGM agar plates with appropriate RNAis or as a positive control, to plates containing 10 mM paraquat for an additional 1 hr at 20 C. Aliquots of 100 ml worm suspension were distributed into a 96-well FLUOTRAC plate (Greiner Bio-One, Frickenhausen, Germany). Fluorescence intensity was measured in a microplate reader (FLUOstar Optima, BMG Labtech, Offenburg, Germany) using well-scanning mode (ex, 570 nm; em, 610 nm). To normalize fluorescence signal, remaining worm suspension was used for protein determination. For measuring mitochondrial ROS levels in fibroblasts, 10,000 cells were seeded into each well of a 96-well plate. After 24 hr, cells were incubated with medium containing 1 mM MitoTracker Red CM-H 2 X ROS for 30 min. Cells were then washed two times with PBS, and fluorescence intensity was measured at the same conditions described above.
Amplex Red-Based Quantification of Supernatant Hydrogen Peroxide in C. elegans Worms were removed from plates with 0.05 M sodium-phosphate buffer (pH 7.4), washed twice, and transferred into an upright plexiglas cylinder (1.5 ml volume) with continuous stirring at low speed (100 rpm) at 20 C. First determination of fluorescence was done without horseradish peroxidase (HRP) (Sigma-Aldrich, St. Louis, MO, USA) only in the presence of 1 mM Amplex Red (Invitrogen, Carlsbad, CA, USA) to detect possible a nonspecific increase in fluorescence (which was not observed). Next, 0.01 U/ml HRP was added, and changes of fluorescence were recorded with a fluorescence detector (LF402 ProLine, IOM, Berlin, Germany) for at least 15 min at excitation and emission wavelengths of 571 and 585 nm, respectively. Immediately afterwards, worms were removed and collected for protein determination to normalize fluorescence values. For determination of hydrogen peroxide production in fibroblasts, 10,000 cells were seeded into each well of a 96-well plate. After 24 hr, Amplex Red Assay was performed according to the manufacturer's instructions. Fluorescence intensity was measured in a microplate reader (FLUOstar Optima, BMG Labtech, Offenburg, Germany) using well-scanning mode (ex, 570 nm; em, 590 nm).
Isolation of Mitochondria
Isolation of mitochondria was performed as previously described (Kayser et al., 2001) , except the initial rupture of nematodes was done by a Potter/Elvehjem tissue grinder at 400 rpm with three slow up-and-down strokes. Isolated mitochondria (50 mg) were transferred into an upright plexiglas cylinder (1.5 ml volume) with continuous stirring at low speed (100 rpm) at 30 C. Measurement of fluorescence increase due to Amplex Red oxidation was carried out as described above (for whole worms), while only 0.1 U/ml horseradish peroxidase was used. Pyruvate (2.5 mM) and 1.25 mM malate (final concentrations) were added simultaneously as substrates for the respiratory chain.
Antioxidant Enzyme Activities
Antioxidant enzyme activities (SOD, CAT) in both nematodes and MEFs were determined by standard photometric assays as previously described with minor modifications.
Fluorescent Microscopy
Worms were treated with MitoTracker Red CM-H 2 X ROS exactly as described above. Individual worms were placed on agarose pads and paralyzed with 1 mg/ml tetramisole (Sigma-Aldrich, St. Louis, MO, USA). Worms were examined under a fluorescence microscope (Axiovert 100, Zeiss, Oberkochen,
Germany) using the filter set (BP546/12, FT580, LP590), and pictures were taken with a digital camera (Moticam 2300, Motic, Xiamen, P.R. of China).
Protein Content
Protein content in both nematodes and MEFs was determined by standard methods as previously described with minor modifications.
Extraction of Total RNA from C. elegans and Fibroblasts RNA isolation was performed using a commercially available kit (QIAGEN, Hilden, Germany, Rneasy Mini Kit) based on the phenol-chloroform extraction method according to the manufacturer's instructions.
Real-Time PCR
Reverse transcription and quantitative real-time PCR was carried out using the GoTaq 2-Step RT-qPCR System (Promega, Madison, WI, USA) according to the manufacturer's instructions on LightCycler 480 system (Roche, Mannheim, Germany). Data were normalized to cdc-42 (Hoogewijs et al., 2008) and analyzed using the DDC T method. Primer sequences used for B0513.3 and cdc-42 are fwd 5 0 -AAGCCAGCGGCGATGACACC and rev 5 0 -AACACCCT GCCGCCGATCTC as well as fwd 5 0 -CTGCTGGACAGGAAGATTACG and rev 5 0 -CTCGGACATTCTCGAATGAAG.
Transcriptome Profiling Using Deep Sequencing
For library preparation, 5 mg of total RNA per sample was processed using Illumina's mRNA-Seq sample prep kit (Illumina, San Diego, CA, USA) following the manufacturer's instructions. The libraries were sequenced using an Illumina GAIIx, in a single 76 nt read approach. Each library sequenced on a single lane ended up with around 30-40 mio reads per sample. Sequence data were extracted in FastQ format and used for mapping. Reads which passed the quality filtering were mapped against the C. elegans genome and an exon junction splice database using Bowtie (Langmead et al., 2009 ). Only uniquely mapped reads were used for counting. The RefSeq annotation was used to assign mapping positions to exons, transcripts, and genes. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE36041 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36041).
Bioinformatics of RNA Expression Data
Raw counts for the transcripts were analyzed using the R Statistical Computing Environment (R Development Core Team, 2008) and the Bioconductor packages DESeq (Anders and Huber, 2010) and edgeR (Robinson et al., 2010) . Both packages provide statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting p values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate (FDR) (Benjamini and Hochberg, 1995) . Transcripts with an adjusted p value smaller than 0.01 found by both packages (intersection) were assigned as differentially expressed.
Statistical Analyses
Data are expressed as means ±SD unless otherwise indicated. Statistical analyses for all data except life span and stress resistance assays in C. elegans were performed by Student's t test (unpaired, two-tailed) after testing for equal distribution of the data and equal variances within the data set. For comparing significant distributions between different groups in the life span assays and In this issue of Cell Metabolism, Ristow and colleagues (Zarse et al., 2012 ) elucidate a conserved mechanism through which reduced insulin-IGF1 signaling activates an AMP-kinase-driven metabolic shift toward oxidative proline metabolism. This, in turn, produces an adaptive mitochondrial ROS signal that extends worm life span. These findings further bolster the concept of mitohormesis as a critical component of conserved aging and longevity pathways.
Historically, reactive oxygen species (ROS) produced by mitochondrial respiration have been associated with cellular damage that accelerates aging and limits life span (Balaban et al., 2005) . By extension, increased stress resistance or endogenous ROS detoxification systems are key outcomes of many life spanextending interventions (Kourtis and Tavernarakis, 2011) . Studies over the last decade, however, have challenged the concept of ROS as simply detrimental, proaging molecules. Under certain conditions, such as during the active phases of yeast growth or worm (C. elegans) development, elevated ROS function as signaling molecules that increase stress resistance and delay aging at later developmental stages Yang and Hekimi, 2010) . This adaptive response to ROS, often called mitochondrial hormesis or mitohormesis, has emerged as a new and important component of conserved aging and longevity pathways . Indeed, many interventions that extend life span in model organisms, such as reduced signaling through the target of rapamycin (TOR) pathway, caloric restriction (CR), and exercise, rely at least partially on mitohormesis Yang and Hekimi, 2010) . We may now also add insulin/IGF1 signaling (IIS) to this list, as work by Zarse et al. in this issue identifies a key role for AMPK-regulated oxidative proline catabolism in initiating adaptive mitochondrial ROS signaling, which extends life span under conditions of reduced IIS (Zarse et al., 2012) . In model organisms, reduced IIS extends life span in part via increasing stress resistance and altering metabolism (Baumeister et al., 2006) . Using both worm and mouse cell culture models, Zarse et al. (2012) confirmed that constitutively impaired IIS increases mitochondrial respiration but decreases ROS levels. This seemingly paradoxical finding could be explained if reducing IIS also induces ROS detoxification pathways. Accordingly, RNAi against the insulin-like receptor DAF-2 in C. elegans revealed that ROS production increases during the acute response to reduced IIS, and elevated antioxidant defenses (e.g., SOD and catalase) account for the decrease in total ROS levels observed later. Entirely consistent with increased ROS functioning as signaling molecules to initiate a mitohormetic response, treatment with antioxidants during early time points diminishes the ability of reduced IIS to extend nematode life span. Furthermore, the adaptive ROS signal acts through the worm homologs of p38 (PMK-1) and NRF-2 (SKN-1) to ultimately induce SOD and catalase gene expression, promoting stress resistance during aging.
Insulin signaling tightly regulates glucose metabolism to maintain cell function in the presence of fluctuating nutrient availability. To address the mechanism by which reduced IIS induces ROS production, Zarse and colleagues (Zarse et al., 2012) used RNA-seq in worm and mouse models of reduced IIS. This approach revealed a shift in metabolism that includes AMPK-dependent induction of genes required for mitochondrial proline catabolism. Supporting the importance of proline in life span extension, RNAi knockdown of the implicated proline oxidase/dehydrogenase abrogates some of the life span-extending effects of reduced IIS. Furthermore, proline supplementation alone extended worm life span. This led Zarse et al. to conclude that proline catabolism provides substrates to support mitochondrial respiration (i.e., glutamate and a-ketoglutarate), generating conditions that produce signaling ROS (Figure 1) . Their findings are consistent with previous work in mammalian cells showing that increased proline oxidase activity promotes ROS production that can be either beneficial or deleterious (e.g., promote apoptosis), depending on the precise biological context (Phang and Liu, 2012) . Similarly, the ability of AMPK to induce ROS in this study contrasts with others in which AMPK appears to sense ROS, sometimes with deleterious consequences (Raimundo et al., 2012) . Clearly, communication between AMPK and ROS is bidirectional and must be fine-tuned under specific conditions and in various tissues to ensure that the appropriate outcome is achieved. Given the degree of mechanistic overlap between CR-and IISmediated life span extension, it will be particularly interesting to determine if proline catabolism, AMPK-ROS signaling, and/or mitohormesis also contributes to longevity and health span under CR and in other conserved aging pathways.
ROS signaling and mitohormesis clearly have important emerging roles in regulating stress resistance and life span. The number of diverse situations and contexts capable of activating ROS signaling functions suggests that mechanisms of signaling may be equally diverse. For example, different species of ROS (e.g., superoxide and hydrogen peroxide), or those produced in different cellular compartments, may activate unique signaling pathways and elicit distinct outcomes. Ristow and colleagues, and others Raimundo et al., 2012; Yang and Hekimi, 2010) , show that mitochondrial superoxide per se can function as a signaling ROS, despite its poor diffusion and lack of an obvious mechanism of signal transduction. Thus, going forward it will be important to describe the specific biochemical mechanisms by which mitochondrial superoxide and other ROS activate sensor proteins and relay retrograde signals to the cytoplasm and nucleus. It is also worth emphasizing that, although transcriptional regulation of antioxidant genes is one important outcome of ROS signaling and adaption, many other cellular processes may also be affected. Full understanding of the outcomes of ROS signaling will likely require genome-wide transcriptional or proteomic studies to identify additional cellular functions that may contribute to increased stress resistance and life span extension following ROS signaling. Finally, it will be interesting to investigate what other mitochondrial outputs, in addition to ROS, induce mitohormesis. Given the contribution of mitochondria to numerous cellular processes, different types of mitochondrial stress likely activate specific signaling pathways and unique adaptive responses, with the mitochondrial unfolded protein response being a salient case in point. With a firm appreciation for the importance of mitochondrial stress signaling in regulating life span, future studies on the precise signaling mechanisms involved will continue to challenge the precarious concept of singular, proaging effects of mitochondrial dysfunction and ROS. Table S1 Figure S1 
